Flexible displays are attracting considerable attention as a visual interface for applications such as in electronic papers and paper electronics. Passive or active matrix addressing of individual pixels require display elements that include proper signal addressability, which is typically provided by non-linear device characteristics or by incorporating transistors into each pixel. Including such additional devices into each pixel element make manufacturing of flexible displays using adequate printing techniques very hard and complicated. Here, we report all-printed passive matrix addressed electrochromic displays (PMAD), built up from a very robust three-layer architecture, which can be manufactured using standard printing tools.
Introduction
Major efforts are currently being devoted to explore and develop new devices and systems for printed electronics applications [1] [2] [3] [4] [5] [6] [7] . The theme of this effort aims at providing novel electronic functionalities on flexible substrates such as plastic foils or papers. Flexible display devices are one of the crucial cornerstones of this research and development effort, and a large variety of different flexible display devices and systems have successfully been demonstrated during the last decade, e.g. electrochromic displays, organic light emitting diode displays and electrophoretic displays [8] [9] [10] [11] [12] . Since such devices and display systems most often are manufactured in a complex production flow containing one or several vacuum processing steps, there is still a huge technical barrier to carry out an entire manufacturing process using standard sheet-based or roll-to-roll printing, coating and lamination techniques.
Electrochromic (EC) active matrix addressed displays (AMAD) have been explored for various low-end display applications, in particular for areas in which the requirements on e.g. switching time and pixel resolution are a bit relaxed. EC-AMADs, which are built up from pixels including a display element and an addressing transistor, have been demonstrated on either paper or plastic substrates [12] [13] [14] . Even though the very same materials have successfully been utilized as the active material in both display elements and transistors, EC--3 -AMADs still require a fairly large number of printed layers, thus ruling out simple manufacturing and low cost.
In passive matrix addressed displays (PMAD) addressing transistors are not utilized to provide addressability for the display element. In PMAD configuration, the system complexity is then much lower which enables a relatively much simpler manufacturing scheme. However, one particular drawback of PMADs is that they typically suffer from crosstalk effects, i.e. the applied voltage aiming to update one specific pixel, at the intersection of a certain row and column, also affects and causes coloration of neighbouring non-addressed pixels [15] . There are various ways to circumvent such cross-talk effects in PMADs, for example by combining each pixel with a diode exhibiting rectifying and strong non-linear current vs. voltage (I-V) characteristics [16] , but yet again, additional components implies an increased number of processing steps.
Here, we have developed EC pixels exhibiting non-linear coloration vs. addressing voltage characteristics with a threshold voltage at around ±1 V. The EC pixel exhibits good bistability as the addressing voltage is decoupled. The electrode and electrolyte materials were deposited by screen printing and wire bar coating, respectively, on top of flexible plastic substrates and the number of included layers was kept at a minimum; an electrically conducting carbon paste, an ionically conducting polyelectrolyte and an electronically conducting electrochromic polymer served as the counter electrodes, the electrolyte and the pixel electrodes, respectively. This very simple three-layer device architecture was enough to define an entire EC-PMAD containing up to 7×128 EC pixels. This EC-PMAD, based on the robust and simple device architecture shown in Fig. 1 , is promising as the display interface in all-printed electronic systems in applications such as distributed diagnosis, home healthcare or sensor platforms monitoring the status of perishable goods in logistic chains.
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Materials and methods

Materials
Transparent polyethylene terephthalate (PET, Polifoil Bias) film was purchased from Policrom Screen and was used as the solid substrate carrying the display components. As a top electrode, PET film with pre-coated PEDOT:PSS (Orgacon EL-350) was purchased from AGFA-Gevaert. This product was also used as the counter electrodes for the reference samples. Conducting carbon paste (7102) for screen printing was purchased from DuPont and printed onto the PET substrate by using a 120-34 nylon screen mesh (120 threads/cm, thread diameter 34 µm), followed by drying process at 120 °C for 5 minutes. An aqueous solution of poly(diallyl dimethyl ammonium chloride) (PDADMAC), purchased from Sigma-Aldrich, was used as the water-based polyelectrolyte. To obtain a white opaque electrolyte, 10 wt% of TiO 2 powder (KRONOS 2300 purchased from KRONOS) was added into the polyelectrolyte solution and mixed carefully before use. The solution of pH colour indicator (Universal indicator solution 36828, pH 4-10) was purchased from Riedel-de-Haën GmbH.
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Electrical characterization of EC pixels
The PEDOT:PSS layer on the Orgacon film was cut and patterned into an area of 35×35 mm 2 by using a knife plotter tool, and the square-shaped pattern was then used as the pixel electrode. A 35×35 mm 2 square of conducting carbon was screen printed onto a PET film and used as the counter electrode. At one corner of each electrode, a 5×5 mm 2 active area was defined by attaching a spacer consisting of an adhesive plastic film having an area of 20×20 mm 2 with a 5×5 mm 2 cavity. The white and opaque electrolyte was deposited manually onto each electrode and dried into a semi-solidified state for 1 minute at 60 °C. After drying, each set consisting of one pixel electrode and one counter electrode was laminated to complete one EC pixel cell.
I-V measurement setup in ambient atmosphere
Each EC pixel device was biased by using an Agilent 4155B Semiconductor Parameter Analyser, and the electric current between the counter and the pixel electrodes was recorded as a function of the applied potential. The voltage was swept in the range of ±2.5 V at an increment of 10 mV per sample and the time between two samples was set to 20 ms.
Measurement setup to determine the switching behaviour of EC pixels
EC pixels having an area of 1.5×1.5 mm 2 were manufactured according to the description above, but they were instead used to observe the colour switching behaviour as a function of the applied potential. The measurement was performed by using a laser diode in conjunction with a photodiode [17] . The display was irradiated by a laser diode peaking at 650 nm, a wavelength that matches the absorption peak of the reduced state of PEDOT:PSS, and the scattered light was detected by a photodiode (S1337-66 from Hamamatsu, 5.8×5.8 mm 2 active area) and the photocurrent was recorded using a Keithley 2400 SourceMeter.
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Investigation of the electrochemical capacitor
Two rectangles (20×5 mm 2 ) of conducting carbon paste 7102 were stencil printed onto a PET substrate. A polyelectrolyte consisting of PDADMAC was mixed with TiO2 powder and pH indicator according to a weight ratio of 10/1/0.6 (including solvents). The two carbon rectangles were laterally connected by the polyelectrolyte solution. The I-V characteristics of this carbon/electrolyte/carbon electrochemical capacitor were firstly measured according to the description above. Secondly, a potential difference of 2.5 V was constantly applied across the carbon electrodes and the colour change of the pH indicator was observed by microscope.
Preparation of PMADs
A set of conducting carbon counter electrodes consisting of 128 rectangles are deposited in parallel on a PET film by using screen printing technique, where each rectangle has an area of a self-alignment property caused by the difference in surface tension between the electrode material and the PSt lines. The patterned electrolyte layers were semi-solidified at 60 °C for 1 minute, and each PMAD was finally completed by laminating the two electrode substrates such that 7×128 EC pixels were created. Surface energy patterning is a preferred method since the requirement on accurate registration between subsequently printed layers is cancelled, and lamination is an advantageous technique by that it automatically brings a protective encapsulation layer. A schematic of a PMAD containing 3×3 EC pixels is shown in Fig. 1 .
Driving of PMADs
Various kinds of electronic circuits have successfully been tested to verify the addressability of unique EC pixels in the PMAD. 
Results and discussion
I-V characteristics of EC pixel devices in ambient atmosphere
Carbon-based counter electrodes have previously been used in various applications related to iconic electrochromic displays and smart windows [18, 19] . Carbon is considered to be an advantageous counter electrode material in electrochemical devices for several other reasons; its durability and stability has been proven excellent in commercial electrolyte capacitors, its resulting electric double layer have high charge storage capacity independently of the polarity -8 -of the charges, and counter electrodes consisting of carbon can be deposited using several common patterning methods, such as screen printing. Additionally, the possibility to obtain low-cost manufacturing is enabled by the combination of low-cost deposition methods and the fact that carbon paste is much more inexpensive as compared to most other conducting materials. In the present work, the carbon electrode, when combined with suitable polyelectrolyte and EC material, provide also a desired threshold voltage that provides unique pixel addressability. -10 -
Optical investigation of the non-linear EC pixel coloration
The optical coloration behaviour of the two EC pixels is given in Fig. 3(a The time it takes to switch the EC pixel from the decoloured state to the coloured state was monitored upon applying a sufficiently high voltage; an amplitude that is high enough to cause a full reduction of the PEDOT:PSS pixel electrode layer directly from its oxidised state, i.e. -2 V to +2 V without any gradual steps. Fig. 3(b) shows that the colour change of the EC pixel saturates within roughly 1 s. This switching time is slightly longer than what is recorded for a symmetric EC pixel consisting of PEDOT:PSS in both electrodes [17] , but still feasible for utilization in PMADs. The applicability of using the EC pixel in PMADs has been further verified by extensive cycling tests, in which the desired threshold voltage and colour switch characteristics remain almost constant for several thousand cycles, see Figure 3 (c).
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Investigation of the interfaces between the electrodes and the electrolyte
The pH colour indicator used in this report changes its colour from red at low pH to violet for high pH, via yellow, green (neutral pH) and blue. Microscope images were recorded upon applying certain voltages across an electrochemical cell, or capacitor, that consists of two carbon electrodes bridged by a polyelectrolyte, see The protons are generated to an amount so that the colour of the pH indicator is changed from green to red, i.e. the pH is decreased in the vicinity of the counter electrode. This result is also accompanied with that the EC pixel becomes blue-coloured. Conversely, when V P is more -13 -negative than V TH-, the PEDOT reaction stated above is reversed and the oxidised transparent state is reached together with that OH -anions are generated at the counter electrode:
This increase of the surrounding pH at the counter electrode is monitored by a colour shift to green-blue of the pH indicator. The current through the lateral electrochemical capacitor shown in Fig. 4(b) was recorded as a function of time while two different voltages were applied, below (0.5 V) and above (2.5 V) the V TH+ , respectively. Also, for comparison, a vertical electrochemical capacitor based on -14 -two 5×5 mm 2 carbon electrodes sandwiching an electrolyte was concurrently prepared. Both the vertical and lateral electrochemical capacitor devices showed similar current vs. time characteristics; a steady-state current level was reached subsequently to an initial (~2 s) capacitive charging peak, see Table 1 . For the 0.5 V case, i.e. below V TH+ , the steady-state current and the accumulated charge, recorded during 300 s, were both relatively low, while they were increased by at least 800 and 300 times for the lateral and vertical configuration, respectively, upon increasing the voltage to 2.5 V, i.e. above the V TH+ . Such strong non-linear increase in the I-V characteristics in conjunction with the pH change given in Fig. 4 is a strong indication of electrolysis. Further, the same type of current vs. time and voltage measurement was carried out on yet another vertical device having the same active electrode area (5×5 mm 2 ), but in which one of the carbon electrodes was replaced by a PEDOT:PSSbased pixel electrode to form an EC pixel. Overall, this device exhibits similar device characteristics as compared to the two symmetric carbon-based electrochemical capacitor architectures. However, for an applied voltage below the V TH+ , an elevated amount of charge (15.5 µC) is recorded. This elevated charging may be explained by ion exchange between the electrolyte and the PEDOT:PSS electrode. However, the associated colour change due to this parasitic charging of the EC pixel is not discernible to the eye. For all the three devices reported in Table 1 , regardless of device architecture, an applied voltage below V TH generates a relatively low steady-state current level. This is in agreement with a very slow reaction rate of water splitting. Further, below V TH the amount of charge that was delivered during 300 s is insufficient to cause any major EC pixel coloration. On the contrary, above the threshold the rate of electrolysis is high enough, as evidenced by an increase of both steady-state current and the accumulated charge, which enables full EC pixel coloration. So, the results here presented suggests that electrolysis is responsible for the strong non-linear charging and coloration characteristics of the EC pixel device built up from PEDOT:PSS and carbon electrodes. See Fig. 4 (b) for the device architecture.
3) Current recorded 300 seconds after starting the measurement. 4) Time integration of the current between 0 and 2 s.
Note that the steady-state current levels of the vertical capacitor is lower as compared to the lateral ditto, which is explained by a slower reaction rate due to less water content in this particular electrolyte. Additionally, the relatively low current in the EC pixel at 2.5 V is explained by the lowered conductivity in the reduced state of PEDOT:PSS. In an EC pixel, the pixel electrode switching is considered to be a semi-reversible electrochromic reaction, as indicated by that the colour switching activity diminishes after a few thousand switch cycles. This effect is however considered as a temporary exhaustion, caused by the continuous cycling, rather than true degradation. Hence, the colour switching behaviour with maintained threshold voltage is regained by delaminating the EC pixel, adding a small drop of deionized water and finally re-laminating the two sheets again. In other words, as fresh electrolyte is introduced into the device, the proper device operation is retrieved. Here, it should be noted that many printed electronic applications only require a relatively low number of switch cycles in terms of operational lifetime, i.e. less than a few thousand switch cycles, and/or a non-continuous updating sequence, where the latter would result in enhanced device lifetime caused by the hygroscopic property of the polyelectrolyte.
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Driving PMADs
Displays consisting of EC pixels, which exhibit a threshold voltage feature, can be operated by various passive matrix-addressing protocols. One alternative that successfully has been implemented is to use a programmable circuit with a number of digital outputs, where each output is connected to a row or column on the display device, respectively. The advantage of using digital circuitry is that a high impedance state can be easily implemented on non- The number of involved materials, along with the number of printed layers, must be kept at a minimum in order to obtain the most straightforward manufacturing route of electronic functionalities on flexible substrates. This has proven to be more challenging than expected since many printed electronic devices reported in the literature yet are relying on complex -18 -multilayer architectures, which in turn typically implies the requirement on high accuracy registration. However, the simplicity of the passive matrix addressed display reported herein is of crucial importance; only three different materials as well as three printed layers are required, which results in a simplified manufacturing process. Fig. 6(a-d) shows a PMAD demonstrator containing 7 rows and 128 columns such that alphanumeric characters can be presented. All 896 EC pixels in the resulting PMAD could be uniquely updated without any perceptible cross-talk effects. It should be noted that 50-100 µm wide silver lines were inkjet printed in this device, not to obtain the functionality but to shorten the switching time by minimizing the potential drop along the PEDOT:PSS-based conducting rows. A video clip
showing fast updating without cross-talk of a PMAD containing 16×16 EC pixels can be found in the online version of this article; a display device that is illustrated by the static image in Fig. 6 (e). 
Conclusions
Passive matrix addressed electrochromic displays manufactured by printing techniques is demonstrated. The addressability of unique electrochromic pixels in the resulting display is obtained by the introduction of a threshold voltage that is generated by combining a carbon--20 -based counter electrode with a PEDOT:PSS-based pixel electrode that together sandwiches a polyelectrolyte. The threshold voltage that enables control of pixel charging, and thus also coloration, is governed by electrolysis. Simple manufacturing is ensured by that only three different materials are required in order to obtain the desired device functionality, and a novel method to achieve self-alignment of the electrolyte layer further relaxes the demand for tough registration between the different layers. Hence, the number of materials and processing steps are kept at a minimum, which in turn offer the possibility to achieve low-cost manufacturing of matrix-addressed displays at high production yields. Further development work of the electrolyte is currently being performed in order to improve printability and curability, which in turn is aiming towards all-printed passive-matrix displays manufactured by roll-to-roll techniques.
